Hole lifetime in the silicon-on-insulator (SOI) metal-oxide-semiconductor field-effect transistor (MOSFET) singlephoton detector was evaluated by the analysis of drain current histograms for different light intensities and substrate voltages. It was found that the peaks in the histogram corresponding to the larger number of stored holes grew as the gate bias decreased. This was attributed not to the increased light absorption efficiency or collection efficiency of the photo-generated holes, but to the prolonged hole lifetime presumably caused by the higher transverse electric field inside the body of SOI MOSFET.
Introduction
It has been reported that the ordinary silicon-oninsulator (SOI) metal-oxide-semiconductor field-effect transistor (MOSFET) can operate as a single-photon detector, featuring dark counts several orders of magnitude smaller than that of conventional avalanche photodiode (APD), and low operation voltage less than a few volts [1] [2] . However, the behavior of the photogenerated holes stored in the body of SOI MOSFET has not been analyzed well. In this paper, we will present the detailed analysis of the drain current histograms under different illumination levels and substrate biases for better understanding of the hole dynamics. Figure 1 shows (a) the top and (b) cross-sectional views of the device. An 300 nm length n + poly-Si-gate (LG) is delineated above 110-nm wide, 50-nm thick silicon channel with p -dopant consentration less then 10 15 cm -3 . n + source/drain region is created in a self-aligned manner using the LG as a implantation mask. Note that this device structure is similar to the one used in the ordinary large-scale integrated circuit, and is much simpler than the previous one [3] , [4] in that there is no offset region between LG and n + source/drain. Although an upper gate (UG) still exists and hinders the light entrance in the particular design, this can be removed without affecting the MOSFET operation as a singlephoton detector. For detection of the stored holes, both the top and bottom channels can be used, but the bottom one, enabled by the biasing condition of V LG <0 and V LG >0, can be used this time due to the limitation set by the signal-to-noise ratio, as will be explained later. In this case, photo-generated holes are stored under the LG whereas back electron channel is used as an electrometer to detect the presence of the holes. Photo-generation of carriers and their recombination will modulate the electron current, and can be observed as pulses.
Methods
In the experiment, we changed V LG , and correspondingly adjust V SUB to keep the baseline drain current at the same level of 1 nA. For different V LG , we evaluated the hole lifetime by analysis of the drain current histogram. Figure 2 shows the I D -V LG curves for different V SUB from -10 to 10 V. As we mentioned, the operating condition is located where V LG <0 and V SUB >0 and electrons flow in the bottom channel, considering the low noise level in -5 < V SUB < 1 V, as shown in Fig. 3 , and the high optical response for V SUB > 0. Figure 4 shows typical drain current waveforms for different intensity levels at wavelength of 550 nm at 300 K. We shift each waveform for clarity. It shows that pulse count increases as the light intensity increases. Moreover, discrete current levels can be seen clearly, corresponding to the different number of holes stored under the lower gate. When incident light intensity increases, more and more holes are generated. Thus, the possibility of holes being stored under the LG increases, resulting in higher peaks for more stored holes. The hole lifetime at different V LG are depicted in Figure  9 . The hole lifetime increases significantly as V LG decreases. It is estimated that lower V LG (higher transverse electric field) separates the stored hole and electron more effectively, and reduces the probability of recombination, leading to the longer lifetime.
Results and Discussion
For the application to the single-photon detection [4] , quantum efficiency (QE) of the hole generation is important. As shown in Fig. 10 , there is proportionality between hole generation rate and incident light intensity, and the nominal QE, assuming the photosensitive area of 300 × 110 nm 2 , is almost independent of the V LG , indicating that light absorption and hole collection efficiencies are not much affected by the bias condition. This also means that the hole lifetime can be controlled without affecting the QE.
Conclusions
The drain current histograms of the SOI MOSFET single-photon detectors were analyzed under different light intensities and substrate voltages. It was found that the peaks in the histogram corresponding to the larger number of stored holes became higher as the substrate bias decreased. This was attributed to the prolonged hole lifetimes presumably caused by the higher electric field inside the body of SOI MOSFET. The possible control of the hole lifetime is of great use in high-speed operation of this unique single-photon detector.
